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ABSTRACT
Context: Alpha Virginis (Spica) is a B-type binary system whose proximity and brightness allow detailed investigations of the internal
structure and evolution of stars undergoing time-variable tidal interactions. Previous studies have led to the conclusion that the internal
structure of Spica’s primary star may be more centrally condensed than predicted by theoretical models of single stars, raising the
possibility that the interactions could lead to effects that are currently neglected in structure and evolution calculations. The key
parameters in confirming this result are the values of the orbital eccentricity e, the apsidal period U, and the primary star’s radius, R1.
Aims: The aim of this paper is to analyze the impact that Spica’s line profile variability has on the derivation of its orbital elements
and to explore the use of the variability for constraining R1.
Methods: We use high signal-to-noise and high spectral resolution observations obtained in 2000, 2008, and 2013 to derive the orbital
elements from fits to the radial velocity curves. We produce synthetic line profiles using an ab initio tidal interaction model.
Results: The general variations in the line profiles can be understood in terms of the tidal flows, whose large-scale structure is relatively
fixed in the rotating binary system reference frame. Fits to the radial velocity curves yield e=0.108±0.014. However, the analogous
RV curves from theoretical line profiles indicate that the distortion in the lines causes the fitted value of e to depend on the argument
of periastron; i.e., on the epoch of observation. As a result, the actual value of e may be as high as 0.125. We find that U=117.9±1.8,
which is in agreement with previous determinations. Using the value R1 = 6.8R⊙ derived by Palate et al. (2013) the value of the
observational internal structure constant k2,obs is consistent with theory. We confirm the presence of variability in the line profiles of
the secondary star.
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1. Introduction
A fundamental question in stellar astrophysics is whether the in-
ternal structure and the evolution of binary stars is the same as
in single stars of equivalent mass, chemical composition, and ro-
tation. Binary stars provide the only means of directly determin-
ing stellar mass, and their masses are generally adopted as rep-
resentative of single stars. Reasons exist, however, to question
whether the generally assumed equivalence between single and
binary stars is a valid assumption. For example, tidal shear en-
ergy dissipation in asynchronous binaries may lead to systematic
differences in the internal temperature structure (Kopal 1968;
Press et al. 1975). The differential velocity structure produced
by the tidal interactions could lead to internal mixing rates that
are significantly different from those derived from the simple
velocity structure generally assumed for single stars (Koenigs-
berger & Moreno 2013). It is in the context of these issues that
the importance of the α Virginis (Spica) binary system cannot be
overstated.
The system α Virginis (Spica, HD 116658) consists of two B-
type stars in a short-period (∼4 d) eccentric orbit, and it is one of
the closest, brightest and most extensively studied of the known
double-lined spectroscopic binaries. It was resolved interfero-
metrically by Herbison-Evans et al. (1971), hereafter HE71, and
their results, combined with results obtained from radial velocity
curves, yielded the orbital elements and stellar parameters that
are listed in Table 1. Aufdenberg et al. (2007) focused on the
value of the period of rotation of the line of apsides (U), a pa-
rameter that is related to the internal mass distribution, and con-
firmed the earlier findings that the observational internal struc-
ture constant (k2,obs) is too small compared with what would be
expected from theory (Mathis & Odell 1973; Odell 1974; Claret
& Giménez 1993; Claret & Willems 2002; Claret 2003). The
nature of the discrepancy between the observational and theoret-
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Table 1. Spica parameters
Parameter Literature This paper
P/days 4.014597 1 4.014597 (fixed)
T0/JD 2440678.09 1 2440678.09 (fixed)
e 0.146 1 0.108±0.014 (s.d.)8
0.125±0.0169
i/deg 66±2 1 66 (fixed)
ωper/deg at T0 138 ±15 1 142 (interpolated)
U/yrs 124±11 1 117.9 ±1.8
118.9±1.3 6 ....
v0/km s−1 for m1 0±2 4 ....
v0/km s−1 for m2 2±3 4 ....
v0/km s−1 .... 0.0 ±3.1 (s.d.)
K1/km s−1 124±4 4 121.1±2.8
K2/km s−1 l97±8 4 189.8±2.7
m1/m2 1.60±0.3 1 1.55±0.09 (s.d.)
1.59±0.03 4 ....
m1/M⊙ 10.9±0.9 1 10.0 ±0.3(s.d.)
m2/M⊙ 6.8±0.7 1 6.4 ±0.2 (s.d.)
R1 (R⊙) 8.1±0.5 1 ....
7.6 ±0.2 7 ....
6.84 5 ....
R2 (R⊙) 3.64 5 ....
v1 sini/km s−1 161±22 ....
v2 sini/km s−1 70±53 ....
Notes: Parameters from: 1Herbison-Evans et al. (1971), 2Smith
(1985b), 3Riddle (2000), 4 Shobbrook et al. (1972), 5 Palate et al.
(2013), 6 Aufdenberg & Robinette (2015), 7 Sterken et al. (1986),
8Average over the 3 data sets analyzed in this paper, 9Adopting the hy-
pothesis that e dependes on ωper.
ical values of k2 implies that the primary star is more centrally
condensed than predicted from the models and, if true, would
lend evidence supporting the idea that close binary stars are dif-
ferent from equivalent single stars. Unfortunately, however, the
uncertainties in Spica’s parameters are still too large to allow a
firm conclusion to be reached. Particularly troubling is the very
large uncertainty associated with the radius of the primary star
(Aufdenberg & Robinette 2015).
The B1 III-IV primary star in Spica is well known to display
strong photospheric line-profile variability which, if thoroughly
understood, could yield stellar structure information. Among the
notable features of the profile variability is the presence of trav-
eling “bumps” that migrate from the blue to the red wing of the
absorption, most clearly seen in the weaker lines of OII and Si
III (Walker et al. 1982; Fraser et al. 1983; Smith 1985b). Based
on the explanation put forth for similar features observed in ζ
Oph (Vogt & Penrod 1983), Spica’s primary star has been clas-
sified as a β Cep-type star; i.e., it is believed to be be undergoing
non-radial pulsations (NRP).
This scenario was reinforced by the results of Shobbrook
et al. (1972) who found a 4.18 hr period in both the photomet-
ric light curve and the radial velocities. However, the amplitude
of these variations declined between the two epochs of observa-
tion that they reported, and could no longer be found a few years
later as referenced by a private communication from Shobbroock
(1984) in Smith (1985b). Meanwhile, Dukes (1974) had detected
a 6.6 hr period which was re-discovered by Smith (1985b) who
associated it with an l=8 NRP mode having PNRP= 6.52±0.08
hr.
Although NRPs provide a tool for deriving information on
the internal stellar structure, both stars in the Spica system rotate
Table 2. Summary of observations
2000 2008 2013
Dates April 19-22 March 15-28 May 18-30
June 19-29
Num. Spectra 577 13 17
Wavelength (Å) 4536-4566 3600-10000 3600 –10000
S/N ∼500 1000-2000 1000-2000
Orbital Phases1 0.09-0.18 0.09-0.15 0.06-0.14
0.34-0.43 0.36-0.40 0.31-0.35
0.59-0.66 0.63-0.67 ....
0.89-0.94 0.85-0.88 0.82-0.87
Notes: 1Orbital phases are measured from periastron
asynchronously. Because of the close orbital separation, signifi-
cant tidal perturbations are present which preclude the interpre-
tation of the variability in terms of NRPs alone. Indeed, Smith
(1985b) found two modes additional to the l=8 mode which he
concluded were caused by the tidal interaction of the primary
star (henceforth m1) with the companion (henceforth m2). The
first of these is due to the equilibrium tidal distortion and Smith
(1985b) described it as the “spectroscopic equivalent of the pho-
tometric ellipsoidal variability” equilibrium tidal distortion. This
mode is associated with a change in the general shape of the line
profile and has a period Porb/2, where Porb is the orbital period.
Smith (1985b) described the second tidally-induced mode as a
“quasi-toroidal” mode, deduced from the presence of a strong
absorption “spike” that remains in a quasi-stationary position for
∼2 hour intervals and is located “just inside (alternately) the red
or blue edges of the profile”. The repeatability timescale for the
appearance of this spike was found to be ∼8 hours; i.e., P/12.
Harrington et al. (2009) theoretically reproduced the general
behavior of the traveling “bumps” and the blue/red “spike” us-
ing a one-layer model which provides a solution from first prin-
ciples of the equations of motion governing the tidal interaction
(Moreno & Koenigsberger 1999; Moreno et al. 2005). The basic
conclusion of this investigation is that the observed line-profile
variability is caused largely by the horizontal velocity field on
the stellar surface. These horizontal motions, described in Har-
rington et al. (2009) as tidal flows, correspond in principle to
the tidally-induced modes described by Smith (1985a). Because
the tidal effects are extremely sensitive to the ratio of stellar ra-
dius to orbital separation, this opens the interesting possibility
of using the line profile variability as an independent constraint
on the stellar radius. Before this can be achieved, however, the
impact of the line-profile variability on the measured radial ve-
locities (RVs) needs to be assessed. This can only be achieved
through a detailed analysis of the variability in very high quality
observational data.
In this paper, we revisit Spica’s orbital parameters by com-
bining three sets of spectroscopic observations obtained in 2000,
2008 and 2013 to address the manner in which the line profile
variability may influence the results. Section 2 describes our ob-
servational data and method of RV measurements, and Section 4
contains the description of the observed line profile variability. In
section 5 we illustrate with theoretical calculations the manner in
which the tidal flows lead to the appearance of the spikes in the
line profiles and the manner in which the changing orientation of
the elliptical orbit over time leads to a variable determination of
e. In Section 6 we summarize the conclusions.
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Fig. 1. Grayscale montage of the 4552 Å Si III line recorded with the
SOFIN spectrograph. The abscissa corresponds to the radial velocity in
the frame of reference centered in m1 and the observations are stacked
from bottom to top according to sequence number of the observation
starting with the first spectrum obtained on 19 April.
Fig. 2. Line profiles of Si III 4551 obtained on JD 2451655 corrected
for the orbital motion of m1 using the measured RVs from Table A.3 (see
Appendix). These spectra cover a timespan of 8.67 hr and correspond
to the orbital phase range 0.34 – 0.43. The m2 absorption is centered
on −280 km s−1 in this reference frame. Each profile is shifted along
the ordinate by a fixed amount for display purposes, with time running
from bottom to top.
2. Observations
Three sets of observations were acquired between 2000 and
2013, the first using the Nordic Telescope (NOT) and the sec-
ond two with the Canada France Hawaii Telescope (CFHT). The
general characteristics of these data sets are summarized in Table
2 and are discussed in greater detail below.
In addition, we used the RV measurements obtained in 2000
that are listed in Riddle (2000) which complement the phase cov-
erage of the NOT data and, in addition, which illustrate the chal-
lenges for deconvolution methods intended to separate the pri-
mary and secondary line profiles.
2.1. SOFIN
The Nordic Optical Telescope (NOT) was used to acquire a set
of 621 spectra of Spica on 4 consecutive nights in 2000, April
19–22. The SOFIN echelle spectrograph was used in a high res-
olution mode (R=80,000) sampled at 0.029 Å per pixel for a
1-pixel spectral sampling of 163,000 or 1.8 km/s per pixel. The
exposure times were set to 110s to 130s following the airmass
of the target. The conditions were not entirely photometric and
after discarding the very low S/N exposures we are left with 577
observations used in the RV analysis.
The RV stability of this instrument is limited by the slit er-
ror: a slow motion of the star on the slit due to guiding and at-
mospheric dispersion. Typically the RV error is in a range of 50-
100 m/s. Any long term temporal variations in the Cassegrain
mounted spectrograph due to change of the environment con-
ditions and flexure of the spectrograph were compensated by
taking the ThAr lamp exposures every 20 minutes. The two
ThAr exposures before and after were combined and used for
the wavelength calibration of the bracketed target exposures. The
analyzed spectral order is centered on the Si III 4552 Å line.
The response of the echelle orders is complicated and varies
over short time intervals, thus special care is required for the or-
der rectification. A semi-automatic routine was written to trace
the continuum level by performing a boxcar average over 5
points along the continuum and interpolating a straight line
across the absorption lines. The largest uncertainties in this ap-
proach are in: a) choosing the location where the absorption line
wings reach the continuum; and b) the linear interpolation across
the line. The first of these has a minor effect on the m1 mea-
surements because of its generally very pronounced line wings.
Its effect on the m2 lines is potentially greater due to their rela-
tive weakness, so particular care was needed for the location of
its wings. The second of these does not represent a significant
issue since visual inspection of the un-normalized spectra con-
firms that in the great majority of cases the continuum around the
absorption lines has a linear shape. The normalization was per-
formed on each of the spectra individually, which provided the
first pass of the original 621 exposures, in which poor quality
spectra were eliminated.
The signal-to-noise ratio (SNR) was measured on the indi-
vidual normalized spectra yielding in general S/N∼500 in the
vicinity of the Si III absorption lines, and falling to 300-400 near
the edges of the echelle order. Spectra with the poorest S/N were
excluded from the RV analysis, leaving 577 usable spectra, and
a further dozen spectra were excluded for the line-profile vari-
ability analysis.
The orbital phase coverage and other characteristics of the
observations are listed in Table 2, and Fig. 1 displays the 570
spectra, stacked vertically in order of increasing phase after ap-
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plying the correction for the orbital motion of m1 that is obtained
in Section 4.
2.2. ESPaDOns
Two sets of ESPaDOns observations were obtained in 2008 and
2013 in queue mode at the Canada France Hawaii (CFHT) 3.6m
telescope with the ESPaDOns spectropolarimeter at a nominal
spectral resolution of R=68,000. ESPaDOnS is a fiber-fed cross-
dispersed echelle covering 370nm to 1048nm in a single expo-
sure over 40 spectral orders on the EEV1 detector. The first set,
obtained in 2008, March 15–28, is described in Harrington et al.
(2009). The second set, obtained in 2013, May 18–30 and June
21–27, consists of 17 spectra in the orbital phase intervals 0.1–
0.35 and 0.81–0.88, where the fastests radial velocities occur and
the absorption lines from each of the two stars are well separated.
Phase φ=0 corresponds to periastron passage. A subset of 6 spec-
tra obtained within a 0.8 hr timespan is included in the second
set.
The instrument has a dedicated reduction package, Libre-
Esprit that automatically processes the data. This script does typ-
ical flat fielding, bias subtraction, wavelength calibration using
both calibration lamp and Fabry-Perot frames and optimal spec-
tral extraction (Donati et al. 1997). We have written additional
post-processing scripts to combine orders and bin to lower effec-
tive spectral sampling, increasing the effective signal to noise
ratios (SNRs) by factors of typically 2 to 3 at shorter wave-
lengths with reduced sampling (Harrington et al. 2009). The two
data sets consist of spectra with 4.4 km/s resolution at 4600 Å.
(R=68,000). With our post-processing scripts, we achieve effec-
tive signal-to-noise1 of ∼1000–3000 at 4600 Å with a sampling
of 0.12 Å per pixel which is equivalent to 7.8 km/s per pixel. Ex-
treme care is required in treating the wavelength regions where
the echelle orders overlap to avoid degrading the S/N and/or the
appearance of spurious features. The phase coverage and other
characteristics of this data set are listed in Table 2.
3. Line profile variability
The variations in the line profiles observed in m1 are charac-
terized by: a) appearance/disappearance of superposed quasi-
stationary absorption dips and spikes, b) the presence of trav-
eling “bumps” that migrate from the blue to the red wing, and c)
variations of the extent and slope of absorption line wings. These
characteristics combine to cause the overall line shape to change
from one similar to a paraboloid to one having a very flat core
with steep wings. These changes are evident in the weak absorp-
tion lines such as those produced in O II and Si III transitions
(Walker et al. 1982; Fraser et al. 1983; Smith 1985b; Harrington
et al. 2009), and are illustrated in the sequence of SOFIN pro-
files of Si III 4552 shown in Fig. 2. This sequence was obtained
during the orbital phase interval 0.34-0.43, when the m1 and m2
lines are well resolved, and covers a timespan of 0.8.67 hr. Anal-
ogous plots for the other 3 nights of observation are presented in
the Appendix in Figs. A.1 and A.2.
3.1. Broader wings around conjunction
A new feature of the Spica line profiles emerges from a com-
parison of the average m1 profiles for each night: Fig. 3 shows
1 Excluding systematics such as echelle inter-order overlap and CCD
artifacts
Fig. 3. Average profiles for each night in the 2000 data plotted on a ve-
locity scale corrected for the measured RVs of m1. A constant vertical
shift is applied for clarity in the figure. The average orbital phase for the
night is shown. The spectrum at < φ >=0.925 is re-plotted (dashes) for
comparison with the others, and shows that the line-profile near con-
junctions (< φ >=0.135 and 0.625) is broader than near elongations
(< φ >=0.925, 0.385).
that the half-width of the line around conjunctions is on average
15 km s−1 broader than at elongations. This excess width is not
due to the blending with m2’s line, which lies mostly in the core
of m1’s line. It is a constant feature over the orbital phase inter-
val over which the averages are constructed, as shown in Fig. 4
where these averages over the night are compared with the first
and last spectra of the night. Harrington et al. (2009) showed that
the tidal flows can attain high speeds and that they strongly af-
fect the shape of the line-wings. This suggests that the different
widths may be associated with different flow speeds when the
system is viewed at conjunctions as opposed to elongations.
3.2. Parabolic and “boxy” shapes
One of the trends in the overall line profile shape is to transi-
tion from a paraboloid-looking profile with a rounded core, to a
“boxy” shape in which the core is very flat and at least one of the
wings is very steep. This is seen, for example, on JD 2451655
(Fig. 2) where a feature that appears near the continuum level
on the blue wing propagates redward for ∼4.7 hrs, after which
time a new such feature appears. As this occurs, the shape of
m1’s line goes from paraboloid, to one with a flat-core that then
gradually slopes upward towards the blue, to then once again be-
come a paraboloid. A more detailed look at this phenomenon is
presented in Fig. 5, where the first spectrum is used as a tem-
plate for comparison with the subsequent ones. The transition
seems to be associated with the appearance, growth and migra-
tion of blue and red spikes, accompanied by a number of smaller
“bumps”.
3.3. Spikes and “bumps”
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Fig. 4. Average line profile at both conjunctions (continuous line) is
compared with the first (dash) and the last (dots) of the individual 5-
spectrum averages of the same night, illustrating that the spectra at these
orbital phases are all broader than near elongations. The significantly
different profile at < φ >=0.135 is caused by the presence of m2 having
moved from near the core of m1’s absorption to its wing over the ∼7
hours that these observations lasted. The rapid motion is due to the fact
that this phase is just after periastron.
Smith (1985b) noted the repetitive nature of the appearance and
disappearance of the spikes, and particularly significant is his
comment that the blue and red spikes can appear simultaneously
and “seem to be strongest when the hemisphere of m1 facing m2
is also facing the Earth”. We find the same to be true in our ob-
servations. This is illustrated in the sequence of profiles obtained
over a 7.5 hr timespan on JD 2451656, shown in Fig. 6, which
includes the time mentioned by Smith (1985b) in the statement
above, coinciding with the conjunction when m2 is closer to the
observer. At the start of the sequence, the red spike is very strong
and located at ∼75 km s−1. It gradually migrates towards the red
and decreases in strength. Just before conjunction, the blue spike
appears at −120 km s−1 and both spikes coexist for a short period
of time, before the red spike is not longer visible. The fact that
we observe the same phenomenon as did Smith (1985b) at the
same geometrical configuration of the binary system supports
the idea that these variations are orbital-phase locked and are
caused by the tidal flow structure on m1’s surface. Note, however,
that “phase-locked” in this context may refer to time measured
with respect to conjuntions rather than with respect to periastron
passage.
The above being said, it is important to note that although
some of the properties of the line profile variability can be seen
to repeat from one orbital cycle to another, the smaller details
are not strictly periodic on orbital timescales. For example, the
set of 6 spectra that were obtained with ESPaDOnS within a ∼47
minute timespan on 2013 June 23 show a prominent “bump” that
migrates from the blue to the red at a rate of ∼20 km s−1 per sec-
Fig. 5. Over a timespan of 4.7 hrs the shape of m1’s line cycles from
paraboloid, to flat-bottomed, to sloping upward towards the blue and
then approaching once again the paraboloid shape. Time runs from bot-
tom to top in units of days and is indicated on the right side. The cor-
responding orbital phase is listed on the left. The profile shown with
dashes is always the same one (φ=0.34). The profile of m2 appears here
at −280 km s−1.
ond, and a similar feature is present precisely one orbital cycle
earlier, on June 19. However, the “red spike” which is strong
on June 19 is only marginally evident on June 23 (see Fig. A.3
in the Appendix). Hence, the behavior of the smaller features
(“bumps”) in the line profiles is most likely governed by internal
modes of pulsation and local hydrodynamical effects that lead to
time scales that are independent of the orbital timescale.
3.4. The line profiles of m2 are also variable
We end this section with a few comments on the line profiles of
m2. Riddle (2000) noted that its lines are systematically weaker
at one elongation with respecto to the other, but that this is an
epoch-dependent phenomenon. Our data confirm that m2’s line
profiles are indeed variable, having a paraboloid shape when ap-
proaching the observer and a flat-bottom shape at the opposite
elongation (Fig. 3), which makes it appear weaker. Furthermore,
it also seems to have blue and red spikes at similar times as these
spikes appear in m1’s profiles (Fig. 7). From a qualitative stand-
point, this is not unexpected since m2 is also in non-synchronous
rotation and therefore is also expected to present tidal flow phe-
nomena and possibly also NRPs.
4. Radial velocities and orbital elements
We have previously pointed out (Harrington et al. 2009) that the
determination of Spica’s radial velocity curve is not a straight-
forward process due to the deformed shape of the absorption line
profiles and their variability. Specifically, there is no unambigu-
ous way to determine the line centroid which, in non-perturbed
atmospheres, provides the orbital motion. The line shape can-
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Fig. 6. Sequence of profiles over a 7.5 hr timespan that includes the time
of conjunction when m2 is closer to the observer (bold-line). m2 can be
gleaned to march redward through the line core of m1 over the first 5
spectra (from bottom to top) and then its presence is less obvious. Note-
worthy is the presence of a red spike (RS) that propagates redward and
then seems to vanish shortly after the blue spike (BS) appears around
the time of conjunction. The BS remains in view until the end of the se-
quence. Smith (1985b) also noted that the spikes “seem to be strongest
when the hemisphere of m1 facing m2 is also facing the Earth”.
Fig. 7. Si III 4552 Å absorption arising in m1 (left) and in m2 (right)
in spectra obtained in 2013 in the phase interval 0.82–0.88. Note the
varying shape of both the m1 and m2 absorption lines. From bottom to
top: May 30 (φ=0.854), May 18 (φ=0.877), June 19 (φ=0.822) and June
23 (φ=0.826).
not even remotely be approximated with Gaussian or Voigt func-
tions, a procedure usually employed when measuring RVs. Thus,
the only consistant method is to use the intensity-averaged cen-
troid as the measure of the line RVs. This method, however,
yields values that can differ by as much as 16 km s−1 depend-
ing on whether the line is measured at continuum level or closer
to the core (Harrington et al. 2009), so extreme care is required
to perform the measurements consistently at continuum level.
Measurements near elongations are straightforward, since
both stars are generally well resolved. The problem arises for
orbital phases in which the lines overlap. Under classical condi-
tions (i.e., the line profiles remain stable over the orbital cycle), a
deconvolution technique is applicable. However, the application
at this time of such techniques to Spica is doomed to failure due
to the profile variability in both stars. In particular, the line pro-
files of m1 are prone to present dips near the line core that mimic
the line profile of m2. When the lines overlap, this dip combines
with the m2 absorption making it nearly impossible to obtain the
RV of m2 in an unambiguous manner. We illustrate the problem
in Fig. 8, where at orbital phase φ=0.925 the dip near the m1 core
is seen at the same time as m2’s line is at +300 km s−1. At the
other phases plotted in this figure (near conjunctions), the dip
overlaps the m2 absorption enhancing its apparent strength. The
actual shape and location of the dip is unknown and, as noted
above, the line profiles of m2 are also variable. Hence, attempt-
ing to deconvolve the RVs at these orbital phases with classical
techniques is likely to yield spurious RV values.
In this section, our approach is the following: 1) We mea-
sure the centroid of m1 on all the exposures using the intensity-
weighted centroid method, and that of m2 only when it can be
clearly isolated from the absorption of m1. 2) We adopt the mea-
sured RVs as the best approximation to the projected orbital mo-
tion of m1 and plot the line profiles on a velocity scale that is
Doppler-shifted correspondingly. 3) We assess the impact that
the line-profile variability and blending may have on the mea-
sured RVs and determine whether the values obtained for m2
around conjunctions are trustworthy. 4) The orbital elements are
dervied from the fit to the final list of RVs.
4.1. RV measurements
The RVs were obtained by measuring the intensity-weighted line
centroids using IRAF.2 In the SOFIN and ESPaDOnS data sets,
we measured Si III 4552.62 Å. In the ESPaDOnS sets we also
measured He I 6678.15 Å, O II 4906.83 Åand O II 4661.63 Å.
These lines were all chosen because they are sufficiently isolated
from neighboring atomic transitions to avoid blending effects.
The measurement uncertainties for the Si III and He I lines
are ∼1 km s−1 for m1 and ∼2 km s−1 for m2 when both compo-
nents are clearly resolved. For the weaker O II lines the uncer-
tainty is ∼3 km s−1, driven primarily by the choice of the contin-
uum level. These uncertainties do not take into account system-
atic effects which are produced by the line-profile variability.
In what follows, we focus on the RV measurements of the
SOFIN set since the 2008 data have been discussed previously
(Harrington et al. 2009) and the 2013 data were obtained only
near elongations.
During two of the 4 nights of observations, the m1 and m2
components are well separated and do not require further dis-
2 The Image Reduction and Analysis Facility (IRAF) is distributed by
the National Optical Astronomy Observatory, which is operated by the
Association of Universities for Research in Astronomy (AURA) under
a cooperative agreement with the National Science Foundation.
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Fig. 8. SOFIN line profiles just before (0.925) and just after (0.091)
periastron, and just after apastron (0.593) have nearly the same shape.
Note the deep central dip just before periastron which, when observed
at phases when m1 and m2 are not resolved, mimics the m2 absorption.
Note also that these phases are close to conjunctions. The profile at
0.925 is superposed on the others with dashes.
cussion. This is not the case of the other two nights, when these
components overlap completely. During the first, m2 is near the
core of m1 at the beginning of the night and in the blue wing by
the end of the night. Its location can actually be traced on the
grayscale representation in Fig. 1 and its rapid motion is due to
the fact that this night corresponds to orbital phases just after pe-
riastron passage. We performed numerous tests to measure the
RVs of m2 around conjunction, aided by the fact that the long
sequence of observations allows one to follow the motion of m2
through the core of m1’s absorption and into the blue wing. How-
ever, these measurements are significantly more uncertain than
those near elongations.
During the other night, m2 starts out again near the core of
m1 and gives the impression that it is moving rapidly towards the
red wing over approximately one third of the night, after which
time it is no longer visible. We believe that its good visibility on
the grayscale plot is due to a coincide of its location with that
of a migrating “bump”. Once the “bump” migrates out of m2’s
wavelength range, m2’s presence is no longer as evident. We thus
consider the RV measurements of m2 in this orbital phase range
to be highly unreliable. Tables A.1, A.2, and A.3 list the RV
values that were used in the analysis discussed below.
4.2. Orbital elements
The orbital elements were obtained from fits to the RV curves
using the program FOTEL (Hadrava 2004). The RVs of m1 and
m2 from the SOFIN data set were fit simultaneously, holding
only the orbital period and the initial epoch constant and yielded
the results listed in Column 2 of Table 3. The RVs of the four
Table 3. Fits to RVs: 2000 SOFIN observations
Param a) All RVs b) No m2 near c) +16 b)+c)
conjunctions km s−1
v0 −1.7(0.2) −2.5 6.8(0.4) 3.6(0.3)
e 0.099 0.099 0.097 0.124
± (0.002) (0.004) (0.003) (0.002)
ωper 233.8(0.1) 233.0(0.004) 233(0.2) 233 (0.2)
K1 121(0.5) 122(0.8) 118(0.7) 122(0.5)
K2 188 188 192 194
m1/m2 0.644 0.649 0.615 0.627
± (0.002) (0.005) (0.002) (0.003)
f1(m) 0.737 0.748 0.682 0.733
m1 9.7 9.8 10.0 10.3
m2 6.3 6.3 6.2 6.5
φcon j 0.084 0.085 0.084 0.081
0.619 0.623 0.622 0.629
Notes: v0 is the systemic velocity, and K1 and K2 the semi-
amplitudes of the RV curve, all in units of km s−1; e is the ec-
centricity of the orbit; ωper is the argument of periastron in units
of deg; f (m1) is the mass function of m1 in units of M⊙; m1, m2
are given in M⊙; φcon j are the orbital phases of conjunction. The
values in parentheses are the uncertainties given by FOTEL.
Table 4. Fits to RV data: 2000 (MTT), 2008, 2013
Param MTTb 2008 2013
va0 km s
−1 −2(1) 1.3(2) 4.8(1.5)
e 0.100(0.009) 0.124(0.008) 0.102(0.005)
ωper 232(1) 258(0.6) 277(0.4)
K1 km s−1 122(5) 122(2) 123(1)
K2 km s−1 193 188 192
m1/m2 0.635(0.014) 0.648(0.012) 0.639(0.005)
f1(m) M⊙ 0.749 0.733 0.762
m1 M⊙ 10.3 9.6 10.3
m2 M⊙ 6.5 6.2 6.6
φcon j 0.087, 0.627 0.026, 0.544 0.984, 0.476
Notes: aThe value of v0 in 2008 and 2013 is the average of the result
obtained for each of the 4 absorption lines that were measured and the
uncertainty is the standard deviation of these measurements. bThe fitted
data here also exclude most values of m1 near conjunctions which, when
plotted on the RV curve, are clearly inconsistent.
lines measured in the 2008 and 2013 data sets for m1 and m2
were also fit simultaneously for each epoch, and the result listed
in Columns 3 and 4 of Table 4. Finally, the same procedure was
applied to the Si III RVs given by Riddle (2000), referred to here-
after as the MTT-data set. The latter, however, yielded value of
e and ωper that differed significantly from those derived from the
SOFIN data set (the MTT data gave e=0.05±0.02,ωper=223±2).
Upon further inspection, it is evident that several RV values in
the MTT-data set, particularly those that were deconvolved at
orbital phases around conjunctions, are in error. Once these are
eliminated, results that are fully consistent with those of the
SOFIN data are obtained, and these are listed in Column 2 of
Table 4. The observed RVs and the best fit curves are plotted in
Fig. 9.
Note that the 2013 data set lacks spectra at orbital phases
near conjunctions. Similarly, the data points that were eliminated
in the MTT-data correspond to this same phase range, and we
made not attempt to measure m2 in the 2008 spectra in which
it was severly blended with m1. In order to evaluate the effect
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Fig. 9. Radial velocity measurements of the Si III 4552 Å line from
the following data sets: SOFIN 2000 (small overlapping crosses), MTT
2000 (large crosses), and ESPaDOnS 2008 (squares) and 2013 (trian-
gles). The curves correspond to the best fits obtained with FOTEL.
of neglecting the RVs of m2 around conjunctions and the possi-
ble effect of systematic shifts in the m1 RVs at these phases, we
ran the following tests using the SOFIN data set with the corre-
sponding results, summarized in Table 3: 1) We eliminated all
the RVs of m2 near conjunctions, which had no effect on the fit
to the RV curve (Column 3). 2) We introduced an artificial +16
km s−1 shift to the RVs of m1 around conjunctions to take into
account possible systematic shifts due to the tidal flows, which
led to a negligible decrease of e (Column 4). 3) We eliminated
the RVs of m2 near conjunctions and introduced the +16 km s−1
shift, which led to e=0.124 (Column 5). The longitude of perias-
tron, ωper was unaffected.
The basic conclusion is that the fits to the 4 RV curves yield
e=0.108±0.014, where the uncertainty corresponds to the stan-
dard deviation of the four fitted values about their mean. This
uncertainty is 2 to 7 times larger than that given by the formal
error in the FOTEL fit and we believe that it is a more realistic
value, particularly in light of the dependence that we find below
on the epoch of observations.
The other fit parameter that we consider relevant to men-
tion here is v0, the sistemic velocity. There is a systematic trend
over time starting with v0=−2 km s−1 in 2000 and ending with
v0=+4.8 km s−1 in 2015. It is not clear at this time whether this
range, which is more than 3 times the quoted uncertainty in the
fit, is significant. From the tests we performed on the SOFIN
data set, the trend can be made to vanish by introducing artifi-
cial shifts to the m1 RVs around conjunctions, so it may simply
be a consequence of the line-profile variability viewed in differ-
ent geometrical configurations over time. However, we cannot at
this time exclude the possibility of a variable systemic velocity
which would suggest the presence of a third object in the system.
Fig. 10. Values of the longitude of periastron (ωper) as a function of
epoch of observation (see Table 5). The line is a linear fit to the data. The
error bars for the years 1956, 1969 and 1970 are the size of the symbols
and they are smaller than the symbols for 2000, 2008 and 2013.
4.3. Apsidal period
The values of the longitude of periastron determined for each
of our observation epochs were combined with values obtained
from observations by Baker (1910), Struve & Ebbighausen
(1934) and Struve et al. (1958) listed in (Shobbrook et al. 1972),
listed in Table 5.3 A linear fit to ωper vs. Julian Date (JD) yields
ωper(t) = ω˙pert − 197◦ ± 7◦ (1)
where t = TJD − 2400000, with TJD the date observation in Ju-
lian Days, ω0=197◦ ± 7◦ is the y-intercept of the fit, and ω˙per =
dωper
dt =(8.36±0.13)×10−3 deg d−1 is the rate of change of the
longitude of periastron. Setting the initial epoch from Herbison-
Evans et al. (1971) to T0 = JD2440678.09,ωper(T0) = 142.7◦.
The period of rotation of the line of apsides is U =
360
ω˙per×365.25 = 117.9 ± 1.8 yrs. This value is very close to that
arrived at by Aufdenberg & Robinette (2015), and lies within
the uncertainties of the value quoted by Herbison-Evans et al.
(1971).
5. Theoretical line profile variability
In general, spectral line profile variability is produced by pertur-
bations on a star’s surface which cause patches of photosphere to
move at speeds that are different from that of a rigid body rotator
or have different than average effective temperatures and gravi-
ties. The source of the perturbations can be intrinsic (pulsations,
3 Note that the value quoted for Herbison-Evans et al. (1971) in this
table corresponds to that listed in their Table II and not to the one they
give as a final value, ωper=138, since the latter had been fixed for their
analysis and had no uncertainties associated.
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Table 5. Longitude of periastron
Epoch JD ωper Reference
Year −2400000 deg
1889 11158 272 ± 26 estimated3
1908 17955 328 ± 9 Allegheny2
1934 26041 39 ± 9 Yerkes2
1956 35563 97 ± 8 4
1969 40284 145 ± 7 5
1970 40678 132 ± 8 HE71
1970 40690 129 ± 7 Duke (1974)
2000 51654 233 ± 0.5 This paper
2008 54547 258 ± 0.5 This paper
2013 56451 277 ± 0.5 This paper
Notes: 2redetermined by Shobbrook et al. (1972), 3Luyten &
Ebbighausen (1935), 4Shobbrook et al. (1972), 5computed in Shob-
brook et al. (1972).
magnetic fields, convective cells reaching the surface, patches in
which radiation pressure is more effective thus causing a local-
ized stellar wind) or caused by the companion (irradiation and
tidal forces).
The fact that some of the line-profile variations in Spica have
periodicities that are sub-multiples of the orbital period points to
binary-induced effects. Since effects of irradiation by m2 on m1
in Spica have been shown to be negligible (Palate et al. 2013),
it is the tidal forces which come into focus. Smith (1985a,b) as-
sumed that the variability could be modeled as non-radial pul-
sations and proceeded to fit the data with spherical harmonics
to derive periodicities for the migrating “bumps”. However, he
concluded that features such as the “red spike” are actually as-
sociated with the horizontal component of the surface velocity
field which is primarily induced by the tidal interactions.
Our approach has been to make no assumptions regarding the
origin of the surface perturbations. Rather, we constructed a dy-
namical model that takes into account the forces that are present
on a rotating binary star’s surface throughout its orbital cycle.
As we have previously shown, many of the features of Spica’s
variability can be described with this model. The tidal pertur-
bations depend strongly on the ratio of stellar radius to orbital
separation, R1/a, so if the “red spike” is indeed caused by the
horizontal velocity field it could provide a diagnostic for R1.
The Tidal Interaction with Dissipation of Energy by Shear
(TIDES) code (Moreno & Koenigsberger 1999; Moreno et al.
2005, 2011) computes from first principles the photospheric line
profiles produced by a tidally-perturbed surface layer of depth
dR by solving the equations of motion of volume elements that
make up an outer shell that covers the rigidly rotating inner body
of the star. TIDES does not fit line profiles. It is a time-marching
algorithm that, once the input parameters are specified, computes
the perturbations on the stellar surface, projects the velocity field
along the line-of-sight to the observer, shifts local line profiles
at each surface element accordingly, and produces the integrated
line profiles at each orbital phase over the orbital cycle. Thus, the
output of a TIDES calculation consists of a set of line profiles as
a function of orbital phase.
For the model calculations, the values listed in Column 3 of
Table 1 were used for the input parameters m1, m2, P, i, vrot1,
and the value e=0.100. Using e=0.124 does not modify the gen-
eral conclusions of this section. The layer depth is dR=0.07 R1.
The examples shown below were run with different values of R1
and it is important to keep in mind that the observed rotation
velocity of m1 combined with (R1) yields the asynchronicity pa-
rameter (β0). With R1=6.84 – 8.4 R⊙ and the fixed value for vrot,
these radii correspond to asynchronous rotation rates at perias-
tron β0=ω/Ω0=1.52 – 1.24, respectively, where ω is the rotation
angular velocity and Ω0 is the orbital angular velocity at perias-
tron.
Once the input parameters are specified, there is no further
intervention by the user in the computation. The calculation pro-
ceeds with the time steps that are required by the integration of
the equations of motion, and produces output only at predeter-
mined times. The product of each run is a set of line profiles for
each orbital phase that was pre-specified. Thus, TIDES does not
fit line profiles, instead it produces a sequence of profiles, corre-
sponding to the sequence of pre-specified orbital phases, which
can then be compared with an analogous sequence of observa-
tional data. The model is currently limited due to its one-layer
treatment of the problem. The consequence of this limitation is
that it ignores the non-radial pulsations due to the normal modes
of the star, hence neglecting the interplay between these modes
and the tidal flows.
5.1. The velocity field that causes the variability
The results of our computations show that the horizontal veloc-
ity perturbations are generally an order of magnitude larger than
those in the radial direction, so we focus here on the residual
horizontal velocity field; that is, ∆vAZ = vϕ(ϕ, θ) − vrot, where
vϕ(ϕ, θ) is the horizontal velocity of a volume element located
at polar angle θ and azimuth angle ϕ, measured with respect to
the sub-binary longitude in the direction of stellar rotation, and
vrot is the constant rotation rate of the underlying, assumed rigid
body of the star. The maps in Fig. 11 display the color-coded val-
ues of ∆vAZ on the hemisphere that would be seen by an observer
at the time of conjunction when m2 is in front of m1, just before
this time and just after. For the calculation with ωper=233◦, these
times correspond to orbital phases, 0.62, 0.50, and 0.76, respec-
tively.
These maps show that the stellar surface is divided up into
large patches of faster- and slower-than rotation regions and
these lead to structural changes in the overall line profiles as ve-
locity perturbations rotate in and out of the line of sight. The val-
ues of ∆vAZ are considerable, as illustrated in the middle plots in
Fig. 11, where its value along the equator is plotted for the same
hemisphere that is illustrated in the map.
The bottom set of plots displays the line-profile in the ob-
server’s frame of reference, for the same orbital phases and for
the case of an orbital inclination i=66◦. The perturbed profiles
are compared with the profile they would have were no perturba-
tions present, and the presence of blue/red spikes are indicated.
Prior to conjunction, there is a prominent red spike and the red
line wing has a steeper slope than the blue wing. After conjunc-
tion, the spike is now on the blue side of line center, and the red
spike has now moved out to ∼125 km s−1 with a significantly
narrower shape. At conjunction, both a blue and a red spike are
seen forming near the continuum level.
From a qualitative standpoint, the comparison with the ob-
servational data (Fig. 6) is positive. However, the strength and
location of the BS and RS do not coincide. Specifically, these
spikes are significantly stronger in the observations than shown
in Fig. 11, and their locations differ. These discrepancies can be
attributed to the limitations of the one-layer model used in our
calculations and also to the fact that the model does not take into
account possible temperature variations over the surface which,
in addition to altering the strength of the local line profile could
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Fig. 11. Top: The residual surface horizontal velocity field, ∆vAZ , on
the hemisphere that would be seen by an observer around the time of
conjunction when m2 is in front of m1 for the R1=7.6 R⊙, e=0.1 calcula-
tion and for the epoch 2000, when ωper=233◦. From right to left: half a
day before conjunction (φ=0.494), at conjunction (φ=0.619) and half a
day after (φ=0.750). The maps are centered, respectively, on longitudes
ϕ=45◦, 0◦, 315◦. The sub-binary longitude is shown by the white dotted
line that crosses the dark patch. The sense of rotation is such that the
left limb is approaching the observer; i.e., rotation is counterclockwise
when viewed from the north pole, and so is the orbital motion. Darkest
patches correspond to tidal flows with ∆vAZ < 0 and lightest patches to
∆vAZ > 0. Middle: ∆vAZ along the equator corresponding to the maps
above. The ordinate is in units of km s−1. The tick marks in the ab-
scissa are set at 45◦ intervals with the central longitude indicated with
the dotted line. Bottom: The corresponding line profiles compared with
the non-perturbed line profiles (dash). The dotted line indicates the zero
velocity and the ticks are separated by 100 km s−1. BS and RS indicate
the blue and red spikes.
introduce a time-dependence into the limb-darkening coefficient.
It is also important to note that our model assumes that the m1
and m2 axes of stellar rotation are perpendicular to the orbital
plane. Departures from this condition would lead to a different
surface velocity field. Some of these issues will be addressed in
the future.
5.2. From parabolic to “boxy” and back
Figure 12 illustrates the theretical line profile variability for the
orbital phase intervals going from periastron to apastron (left)
and from apastron to periastron (right). The first point to note is
that the same trend in the line-profile shape is evident in both tra-
jectories. The profile starts with a parabolic-like shape, develops
blue and red spikes and several “bumps”, attains a flat-bottom
(“boxy”) shape, the bottom of which then slopes upward towards
Fig. 12. Model line profiles for a primary star with R1=7.6 R⊙ and for
ωper=233◦, illustrating the transition in shape from parabolic-like to
“boxy” (i.e., having a flat-bottom and steep wings), the bottom of which
then slopes upward towards the blue, until the parabolic-like shape is re-
covered. The sequence from periastron to apastron is shown on each of
the left panels and from apastron to periastron on the right. Time in-
creases upward. Note the symmetry, caused the by geometry of the tidal
flows and the orbital motion. The two panels on the left correspond to
ωper=233◦ and the two on the right to ωper=277◦.
the blue, until the profile recovers the parabolic-like shape. The
direction of the slope at the core of the “boxy” line profiles un-
dergoes the transition from negative to positive over the orbital
phase intervals 0.30-0.42 and 0.80-0.92. This is the same behav-
ior that we show in Section 3 is present in the SOFIN data set
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(Fig. 5). The fact that a similar cycle occurs twice during an or-
bital cycle is due to the geometrical configuration of the tidal
flow structure on the stellar surface.
It is important to note is that the geometry of the tidal flow
velocity field is relatively fixed in the frame of reference that ro-
tates with the binary companion; i.e., the primary “bulge” points
towards the companion. However, the projection of this field
along the line-of-sight to the observer changes as a function of
orbital phase. This causes the orbital phase-locked line profile
variability that we observe.
Over long timescales, the rotation of the line of apsides intro-
duces changes in the geometry and projected velocity field of the
stellar surface as viewed from Earth at specific orbital phases,
thus making line profiles that are observed at the same orbital
phase to appear different from those at the same orbital phase
at other epochs. Hence, in Spica, the orbital phase-locked varia-
tions are locked more with respect to the phase of conjunctions,
rather than phase with respect to periastron. This is not necessar-
ily the case in other binary systems having larger eccentricities.
5.3. The eccentricity problem
A series of TIDES models were run with R1=7.6 R⊙ and
e=0.100, and holding all the parameters fixed except for ωper,
which was varied from 0◦ to 360◦. The centroids of the theoreti-
cal line profiles were measured using the same method as applied
to the observations. The resulting RVs were then fed into FO-
TEL in order to retrieve the orbital elements. The results, shown
in Fig. 13, show that the fitted value of e makes an excursion of
approximately ±0.02 around its true value. Thus, the fitted value
of e depends on the value of ωper . This means that in real binary
systems with relatively short apsidal periods, one might derive a
value of e that depends on the epoch of observation.
The range of e values obtained for Spica by observers dat-
ing back to 1908 is 0.10 – 0.15 (excluding the value of Riddle
(2000) which we showed above is the same as our year 2000
value when the deconvolved data points are eliminated). Sub-
tracting the mid-point of this range (0.125) and plotting as a
function of ωper displays a trend that is similar to that of our
model profiles. From this we conclude that the most likely value
of the true eccentricity of Spica is e=0.125, listed as the second
value of e in Column 3 of Table 1.
5.4. Changes in profiles as a function of R1
In order to address the question of whether the tidally-induced
line profile variability can be used to constrain the stellar ra-
dius, R1 of Spica’s primary, we computed a model for each of of
the following radii, 6.84, 7.6 and 8.4 R⊙. The results of this ex-
ploratory analysis is that, holding all parameters constant other
than R1, the value of the radius affects the time of appearance
and location of the red spike and the number, strength and loca-
tion of the other “bumps”. This is illustrated in Fig. 14, which
also shows that the large-scale structure of the line profiles is not
strongly affected by the different radii.
As an example of the type of test that may be performed
once an n-layer calculation is available, we compare in Fig. ??
two of the observed line profiles from the SOFIN data set with
the corresponding model line profiles from the theoretical set
described above. This comparison, taken at face value, would
indicate that the model computed with R1=7.6 R⊙ produces a red
spike whose location agrees better with that of the observations
than that of the other two models.
Fig. 13. Top: Eccentricity fitted by SBCM (Morbey & Brosterhus 1974)
using the RVs measured on the theoretical, tidally-perturbed line pro-
files of m1 as a function of the longitude of periastron. The calcula-
tions were all performed with e=0.1. The error bars are the uncertain-
ties given by the RV curve fitting routine. Bottom: The crosses are the
fitted eccentricities shown in the top panel after subtracting the actual
value e=0.1. The squares are the historic e values quoted by Shobbrook
et al. (1972) and the values we have derived in this paper, after sub-
tracting the mid-point value e=0.125. The value in parenthesis is the
one given in Herbison-Evans et al. (1971). The error bars represent the
corresponding quoted uncertainties.
6. The internal structure constant
Claret & Willems (2002) provide an expression for calculating
the value of k2,obs, the observational interior structure constant:
k2,obs =
1
c21 + c22
P
U
(2)
where c2i = fi(βi, q, e)(Ri/a)5, with i-1,2 indicating primary and
secondary, respectively, βi the ratio of stellar rotation angular
velocity to mean orbital angular velocity, q = m1/m2, a the or-
bital semi-major axis, and fi(βi, q, e) functions of the variables
enclosed in the parentheses.
We used this expression to determine k2,obs using the param-
eters we have refined in this paper and R1/R⊙ ∈ [6.84, 8.4]. The
smallest value in this range was derived by Palate et al. (2013)
from stellar atmosphere fits to Spica’s spectrum, and the largest
value comes from the interferometric+spectroscopic results of
HE71 who found R1=8.1±0.5 R⊙. An intermediate value of 7.6
±0.2 R⊙ was obtained from the ellipsoidal light variations of
Sterken et al. (1986).4
4 Corresponding to the polar radius, and the authors note that in order
to produce the observed light variations, the equatorial radius would
have to be ∼4% larger than the polar radius. Thus, they note that the
interferometrically determined radius (presumably a mean value over
the entire star) would be ∼2% larger than the polar radius.
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Fig. 14. Theoretical line profiles for m1 with R1=7.6 R⊙ and 8.4
R⊙ (dash) in the orbital phase intervals 0.24-0.44 and 0.74-0.94 for
ωper=233◦. The orbital phases run from bottom to top, as indicated.
Note that the most significant differences between the profiles of dif-
ferent radii is in the “bumps” as the star approaches periastron (right).
Fig. 15. Observed SOFIN spectra at orbital phase 0.898 (left) and 0.923
(right) compared to line profiles computed with TIDES (dash) using the
range in values of R1=6.84, 7.6 and 8.4 R⊙. The dotted line indicates
the location of the “red spike” in the observations: 100 km/s (left) and
85 km/s (right). The “red spike” in the R1=8.4 R⊙ is clearly discrepant
with the data, while the models with the smaller radii seem to provide a
better agreement.
Table 6. Internal structure constant
R1/R⊙ β0 < β > log(k2,obs)β0 log(k2,obs)<β>
8.4 1.37 1.44 -2.65 -2.66
8.2 1.40 1.48 -2.60 -2.61
8.0 1.44 1.51 -2.55 -2.57
7.6 1.51 1.59 -2.46 -2.47
6.84 1.68 1.77 -2.27 -2.28
Notes: β0 is the ratio of rotation to orbital angular velocity at perias-
tron; < β > is the average value over the orbital cycle; kβ02,obs and k
<β>
2,obs
are the values of the observational internal structure constant computed
with Eq. (4) of Claret & Willems (2002) using β0 and < β >, respec-
tively.
The values of k2,obs that result for e=0.100, U=117.9 yr,
m1=10 M⊙, m2=6.3 M⊙, vrot,1=176 kms−1, vrot,2=70 kms−1, are
listed in Table 6. The derived range is k2,obs ∈ [−2.66,−2.28].
Table 6 also lists results for a different asynchronicity parame-
ters; that is, instead of using < β >= ( ωi
Ωk
) as defined in the equa-
tion above, we use the asynchronicity at periastron, β0 = ( ωiΩper ).
This does not significantly change these numbers, nor does a
value of e=0.125.
The theoretical value for a star with m1=10 M⊙, and
log(g)pole and Te f f as given by (Palate et al. 2013) can be found
in Table 31 of Claret & Gimenez (1991): log(k2,theory) = −2.27.
A slightly larger value, log(k2,theory) ∼ −2.4, is given by Claret
& Giménez (1993, Fig. 9).5 Thus, Spica’s observational internal
structure is consistent with theory for R1 = 6.8 − 7.4R⊙.
7. Conclusions
In this paper we report the analysis of high spectral resolution
and high signal-to-noise data sets of the Spica binary system ob-
tained in 2000, 2008 and 2013. These are used to analyze the line
profile variability and derive a refined set of orbital elements.
We use theoretical sequences of line profiles computed with the
TIDES code to study the manner in which the radius of the pri-
mary star (R1) and the orientation of the orbit with respect to
the observer (ωper) affect the time-dependent shape of the line
profiles.
We find that when the radial velocity curve obtained from the
tidally-perturbed line profiles is fitted to find orbital elements,
the derived eccentricity e depends on the value of ωper , the lon-
gitude of periastron. The variation predicted by our model is
consistent with the trend in e derived from historical data sets
combined with our current results. This leads to the conclusion
that the most likely value for Spica’s true eccentricity is e=0.125,
with excursions of ±0.016 due to the epoch-dependent value of
ωper.
Our derived values of ωper are combined with those reported
previously to refine the period of precesion of the line of apsides
U=117.9±1.8 yrs.
The theoretical line profiles show that the general proper-
ties of the observed line profile variability can be understood
in terms of the tidal flows. In particular, the transition from a
parabolic-like to a “boxy”-shape and back which occurs twice
during the orbital cycle, and the appearance of the blue and red
5 Spica is denoted by a cross in this figure, and since log(k2,obs) ∼-2.6,
one needs only to find the value of the abscissa corresponding to this
point.
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spikes around conjunctions. However, the smaller-scale struc-
tures (“bumps”) may be more related to hydrodynamical effects
not captured by the code and non-radial pulsations.
The discrepancy between the observational and theoretical
internal structure constant disappears when the stellar radius,
R1 = 6.84R⊙, that was derived by Palate et al. (2013) is adopted.
We note, however, that there are still unresolved issues in the
Spica system. These concern the value of v sini that is deduced
from the observations and the orbital inclination i. As shown in
this paper, sistematic variations (on the order of 15 km s−1) are
observed in the half-width of the lines when comparing the pro-
files around conjunctions and elongations. In addition, the pecu-
liar shape of the line profiles precludes a straightforward line-
profile fitting technique to derive the projected rotation veloc-
ity. Because small differences in v sini can lead to significant
differences in the tidal-flow structure, models of the line-profile
variability are still quite uncertain.
The value of i that we have adopted was obtained from
the interferometric observations of Herbison-Evans et al. (1971)
which, as pointed out by Aufdenberg et al. (2007), neglected
the non-constant brightness across the stellar disks of the stars.
Preliminary analyses of more recent interferometric observa-
tions suggest that i could be significantly smaller (Aufdenberg
& Robinette 2015). Clearly, a smaller i-value has a large impact
on all the derived fundamental parameters.
These issues highlight the non-linearity of the problems in
question and the challenges involved in solving the internal
structure problem even in a system as close and bright as Spica.
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Fig. A.1. Top: Si III 4552 line profiles obtained on JD 2451653 over
a timespan of 3.9 hrs (orbital phases 0.890–0.927), showing the emer-
gence of the quasi-centrally-located dip in the profile of m1. The profile
of m2 is located at approximately +325 km s−1, and displays the grad-
ual appearance of a “blue spike”. Time increases from bottom to top.
Bottom: Sequence of profiles obtained on 2451655 over a timespan of
7.5 hrs (orbital phases 0.338–0.416). In this case, the line due to m2 is
initially at around −25 km s−1 and marches blueward over the course of
the night, appearing near the continuum in the very extended blue wing
of m1 by the end of the night.
Appendix A: Supplementary figures and tables
This appendix contains additional figures and the tables in which
the measured radial velocites for all our observations are listed.
Figure and table captions are self-explanatory.
Table A.1. ESPaDOnS RVs m1
JD1 Phase 4552Å 6678Å 4661Å 4907Å Comment2
54541.081 0.146 102.0 98.8 96.8 90.4
54542.002 0.376 97.3 85.2 90.3 88.8 bl
54543.030 0.632 -53.5 -39.4 -58.5 -62.8 bl
54544.853 0.086 49.1 40.4 51.8 51.6 bl
54546.024 0.378 90.5 93.1 96.3 94.1
54547.184 0.667 -58.6 -48.4 -76.5 -70.6 bl
54548.031 0.877 -106.8 -108.6 -111.3 -113.3
54549.055 0.133 88.2 89.8 87.1 78.9
54550.098 0.392 73.5 85.8 83.1 85.9 bl
54551.113 0.645 -58.6 -55.0 -77.9 -74.6 bl
54551.898 0.841 -125.2 -122.3 -127.5 -132.4
54552.984 0.111 73.5 58.1 79.3 69.6 bl
54553.973 0.358 101.7 99.5 98.9 98.0
56430.827 0.865 -91.0 -85.7 -92.5 -93.7
56434.852 0.868 -88.1 -83.5 -88.5 -88.6
56435.908 0.131 116.1 114.3 111.1 107.7
56436.799 0.353 86.0 64.0 87.0 91.7 bl
56439.935 0.134 121.7 118.7 115.4 107.7
56442.798 0.847 -104.6 -96.7 -105.2 -107.6
56462.743 0.815 -105.0 -102.9 -104.0 -109.7
56464.742 0.313 108.1 100.9 106.0 107.8
56466.741 0.811 -108.9 -106.5 -109.4 -113.3
56466.748 0.813 -109.1 -106.7 -109.3 -116.9
56466.755 0.814 -108.9 -106.4 -110.9 -114.4
56466.761 0.816 -108.8 -105.9 -108.8 -115.0
56466.768 0.818 -107.3 -106.6 -107.9 -111.7
56466.774 0.819 -107.2 -105.6 -107.2 -112.9
56470.792 0.820 -110.4 -105.3 -111.4 -112.3
56471.738 0.056 67.0 55.1 69.4 71.9
56472.738 0.305 110.4 106.8 107.6 109.2
Notes: 1JD-2400000; 2 bl=blend, indicates that the lines of m1 and m2
are blended.
Table A.2. ESPaDOnS RVs m2
JD1 Phase 4552Å 6678Å 4661 Å
54541.081 0.1463 -148.7 -151.6 -151.1
54543.030 0.6318 .... .... ....
54544.853 0.0858 .... .... ....
54546.024 0.3776 -124.3 -127.2 -127.5
54547.184 0.6666 .... .... ....
54548.031 0.8775 168.5 178.9 165.7
54549.055 0.1326 -137.5 -139.9 -137.1
54550.098 0.3924 .... .... ....
54551.113 0.6452 .... .... ....
54551.898 0.8408 198.3 192.0 197.2
54552.984 0.1113 .... .... ....
54553.973 0.3576 -143.4 -141.0 -140.2
56430.827 0.8652 148.5 150.3 153.2
56434.852 0.8678 146.9 144.7 150.7
56435.908 0.1306 -169.3 -172.5 -173.1
56436.799 0.3527 .... .... ....
56439.935 0.1337 -179.0 -175.8 -176.6
56442.798 0.8469 166.0 171.3 162.2
56462.743 0.8150 183.6 187.7 ....
56464.742 0.3131 -143.3 -140.5 -139.6
56466.741 0.8110 184.4 190.7 ....
56466.748 0.8127 184.5 188.9 ....
56466.755 0.8144 182.2 184.9 ....
56466.761 0.8160 183.0 186.1 188.2
56466.768 0.8176 182.0 185.5 188.8
56466.774 0.8192 182.3 185.1 180.5
56470.792 0.8199 182.2 187.0 ....
56471.738 0.0556 .... .... ....
56472.738 0.3047 -149.7 -140.0 -139.5
Notes: 1JD-2400000
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Fig. A.2. Same as previous figure but for the line profiles obtained
on JD 2451656 over a timespan of 6.7 hr (orbital phases 0.59-0.66).
Noteworthy is the presence of the simultaneous “blue” and “red” spikes
near the time of conjunction (φ0.62).
Fig. A.3. Si III 4552 Å absorption line in m1 observed on 2013 June 23
over a 47 min timespan (phases 0.818-0.826), and the profile of 2013
June 19 (phase 0.822), stacked in order of increasing time from bottom
to top. The prominent blue “bump” that migrates from the left absorp-
tion wing toward line center is illustrated with the dash line and the
quasi-stationary “red spike” with the dotted line. Note the stronger “red
spike” on the June 19 profile.
Fig. A.4. Values of O-C from the m1 SOFIN RV curve of Si III 4552
Å, using the best-fit obtained with FOTEL. From bottom to top, the sets
correspond to JD− 2445543− n, with n=0,1,2,3, and each set is shifted
along the vertical axis by, respectively, c= 0, 10, 20, 35 km/s, which is
indicated by the horizontal lines. The mean orbital phase is indicated,
and the arrows point to the two possible times of conjunction when m2
is in back of m1 (see Tables 3 and 4).
Fig. A.5. Same as above for m2 during the orbital phases around elon-
gations
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Table A.3. SOFIN measurements
ID JD Phase RV1 EW1 RV2 EW2
−2451650 kms−1 mÅ kms−1 mÅ
23473 3.556 0.8899 -137. 199. 199. 15.
23475 3.561 0.8911 -137. 200. 206. 13.
23477 3.564 0.8918 -136. 203. 199. 13.
23479 3.567 0.8926 -136. 211. 204. 11.
23480 3.570 0.8933 -136. 205. 200. 12.
23482 3.573 0.8941 -135. 202. 199. 11.
23483 3.575 0.8946 -135. 202. 199. 10.
23485 3.578 0.8953 -134. 206. 203. 11.
23486 3.580 0.8958 -134. 208. 205. 13.
23487 3.583 0.8966 -134. 207. 203. 12.
23489 3.586 0.8973 -134. 202. 203. 11.
23491 3.589 0.8981 -136. 210. 196. 8.
23492 3.591 0.8986 -134. 207. 198. 11.
23495 3.594 0.8993 -134. 216. 196. 12.
23496 3.597 0.9001 -133. 217. 201. 14.
23497 3.599 0.9006 -134. 211. 200. 12.
23499 3.602 0.9013 -132. 215. 197. 11.
23500 3.604 0.9018 -134. 216. 200. 12.
23501 3.607 0.9026 -131. 214. 202. 12.
23503 3.609 0.9031 -133. 216. 197. 11.
23504 3.612 0.9038 -131. 211. 196. 13.
23505 3.614 0.9043 -132. 212. 202. 11.
23509 3.623 0.9065 -131. 206. 193. 10.
23510 3.626 0.9073 -130. 206. 199. 13.
23511 3.628 0.9078 -128. 210. 193. 15.
23513 3.631 0.9085 -128. 205. 193. 11.
23514 3.633 0.9090 -128. 205. 197. 13.
23515 3.635 0.9095 -127. 209. 187. 15.
23517 3.638 0.9103 -127. 200. 197. 10.
23518 3.640 0.9108 -126. 213. 189. 13.
23519 3.643 0.9115 -127. 208. 189. 12.
23521 3.646 0.9123 -126. 212. 187. 13.
23522 3.648 0.9128 -128. 206. 184. 11.
23523 3.650 0.9133 -128. 212. 197. 12.
23526 3.654 0.9143 -125. 216. 192. 15.
23527 3.656 0.9148 -124. 212. 193. 11.
23528 3.658 0.9153 -124. 215. 191. 13.
23530 3.661 0.9160 -125. 210. 202. 14.
23531 3.664 0.9168 -123. 209. 187. 8.
23532 3.666 0.9173 -123. 213. 189. 10.
23534 3.669 0.9180 -122. 218. 200. 14.
23535 3.672 0.9187 -121. 215. 189. 15.
23536 3.674 0.9192 -122. 209. 195. 14.
23538 3.678 0.9202 -122. 206. 191. 11.
23539 3.681 0.9210 -121. 219. 193. 11.
23540 3.686 0.9222 -119. 219. 186. 14.
23543 3.691 0.9235 -119. 222. 194. 13.
23545 3.696 0.9247 -120. 211. 196. 12.
23547 3.700 0.9257 -119. 222. 185. 15.
23549 3.705 0.9270 -119. 217. 192. 10.
23551* 3.711 0.9285 -118. 213. 179. 8.
23553* 3.715 0.9295 -117. 225. .... 8.
23555* 3.720 0.9307 -116. 221. .... 15.
23616* 4.355 0.0889 4. 251. -10. ....
23618 4.359 0.0899 4. 241. -13. ....
23620 4.363 0.0909 2. 239. -15. ....
23622 4.368 0.0921 3. 239. -14. ....
23624 4.371 0.0929 2. 237. -13. ....
23626 4.375 0.0939 1. 238. -16. ....
23630 4.380 0.0951 3. 239. -17. ....
23631 4.382 0.0956 2. 242. -12. ....
23633 4.385 0.0963 5. 248. -12. ....
23635 4.388 0.0971 6. 246. -13. ....
23636 4.390 0.0976 7. 247. -10. ....
23637 4.392 0.0981 11. 237. -9. ....
23639 4.395 0.0988 8. 233. -15. ....
23640 4.397 0.0993 10. 236. .... ....
23641 4.399 0.0998 8. 226. -13. ....
23643 4.401 0.1003 7. 230. -14. ....
23644 4.404 0.1011 7. 225. -14. ....
23645 4.406 0.1016 7. 228. -5. ....
Notes: ∗Spectra measured for RVs but not used in the line-profile av-
erages due to poor S/N.
Table A.4. SOFIN measurements
ID JD Phase RV1 EW1 RV2 EW2
−2451650 kms−1 mÅ kms−1 mÅ
23647 4.408 0.1021 11. 229. -5. ....
23648 4.410 0.1026 8. 226. -14. ....
23649 4.412 0.1031 10. 225. .... ....
23651 4.415 0.1038 10. 230. .... ....
23653 4.417 0.1043 11. 233. .... ....
23654 4.419 0.1048 9. 228. .... ....
23656 4.421 0.1053 8. 227. -5. ....
23657 4.422 0.1056 9. 241. .... ....
23658 4.424 0.1061 7. 233. .... ....
23659 4.425 0.1063 9. 240. .... ....
23660 4.427 0.1068 9. 235. .... ....
23661 4.428 0.1071 8. 237. .... ....
23663 4.430 0.1076 10. 241. -3. ....
23664 4.432 0.1081 8. 243. .... ....
23665 4.434 0.1086 14. 248. .... ....
23666 4.435 0.1088 8. 239. .... ....
23667 4.438 0.1096 11. 246. -52. ....
23668 4.441 0.1103 12. 248. -54. ....
23671 4.450 0.1125 12. 238. -54. ....
23674 4.453 0.1133 13. 234. -52. ....
23675 4.454 0.1135 14. 245. -53. ....
23676 4.456 0.1140 14. 241. -52. ....
23677 4.458 0.1145 13. 234. -46. ....
23679 4.460 0.1150 12. 232. -53. ....
23680 4.462 0.1155 14. 234. -46. ....
23681 4.463 0.1158 14. 232. -49. ....
23682 4.465 0.1163 14. 233. -48. ....
23684 4.467 0.1168 14. 234. -47. ....
23685 4.469 0.1173 15. 240. -52. ....
23686 4.471 0.1178 14. 229. -46. ....
23690 4.477 0.1193 16. 234. -58. ....
23691 4.479 0.1198 17. 242. -47. ....
23692 4.481 0.1203 18. 238. -54. ....
23693 4.483 0.1208 18. 237. -50. ....
23695 4.486 0.1215 18. 232. -52. ....
23696 4.488 0.1220 18. 230. -56. ....
23697 4.489 0.1223 18. 237. -48. ....
23698 4.491 0.1228 19. 234. -53. ....
23700 4.493 0.1233 19. 231. -52. ....
23701 4.495 0.1237 18. 234. -49. ....
23702 4.497 0.1242 19. 232. -54. ....
23703 4.498 0.1245 19. 237. -48. ....
23704 4.500 0.1250 20. 235. -54. ....
23705 4.501 0.1252 20. 240. -52. ....
23706 4.503 0.1257 19. 243. -51. ....
23707 4.505 0.1262 20. 239. -53. ....
23710 4.507 0.1267 21. 242. -54. ....
23711 4.509 0.1272 22. 239. -46. ....
23712 4.511 0.1277 22. 239. -50. ....
23713 4.512 0.1280 21. 244. -47. ....
23714 4.514 0.1285 21. 242. -46. ....
23715 4.515 0.1287 22. 243. -49. ....
23716 4.517 0.1292 22. 244. -46. ....
23717 4.519 0.1297 23. 243. -48. ....
23719 4.521 0.1302 23. 253. -49. ....
23720 4.522 0.1305 26. 255. -48. ....
23721 4.524 0.1310 25. 241. -44. ....
23722 4.526 0.1315 24. 252. -44. ....
23723 4.527 0.1317 25. 241. .... ....
23724 4.529 0.1322 24. 251. -41. ....
23725 4.531 0.1327 28. 257. -44. ....
23726 4.532 0.1330 24. 247. -46. ....
23729 4.535 0.1337 25. 251. -45. ....
23730 4.537 0.1342 27. 248. -45. ....
23731 4.538 0.1345 28. 249. -40. ....
23732 4.540 0.1350 29. 237. -42. ....
23733 4.541 0.1352 28. 233. -41. ....
23734 4.543 0.1357 30. 235. -39. ....
23735 4.545 0.1362 32. 239. -42. ....
23736 4.547 0.1367 29. 224. -40. ....
23738 4.549 0.1372 31. 227. -39. ....
A&A–paper, Online Material p 17
Table A.5. SOFIN measurements
ID JD Phase RV1 EW1 RV2 EW2
−2451650 kms−1 mÅ kms−1 mÅ
23739 4.551 0.1377 30. 232. -38. ....
23740 4.553 0.1382 33. 238. -30. ....
23741 4.555 0.1387 33. 233. -30. ....
23742 4.557 0.1392 33. 232. -40. ....
23743 4.559 0.1397 30. 235. -27. ....
23744 4.560 0.1399 34. 233. -37. ....
23745 4.562 0.1404 35. 240. -44. ....
23749 4.572 0.1429 34. 233. .... ....
23750 4.574 0.1434 36. 237. .... ....
23751 4.576 0.1439 37. 234. .... ....
23752 4.578 0.1444 39. 227. .... ....
23753 4.580 0.1449 36. 239. .... ....
23754 4.582 0.1454 37. 232. .... ....
23756 4.584 0.1459 38. 235. .... ....
23757 4.586 0.1464 38. 236. .... ....
23758 4.588 0.1469 39. 232. .... ....
23759 4.590 0.1474 39. 234. .... ....
23760 4.591 0.1477 40. 224. .... ....
23761 4.593 0.1482 40. 229. .... ....
23763 4.595 0.1487 41. 228. .... ....
23764 4.597 0.1492 42. 217. .... ....
23765 4.599 0.1497 43. 229. .... ....
23766 4.600 0.1499 39. 217. .... ....
23768 4.603 0.1507 40. 218. .... ....
23769 4.604 0.1509 42. 220. .... ....
23771 4.607 0.1516 40. 224. .... ....
23772 4.608 0.1519 45. 222. .... ....
23773 4.610 0.1524 46. 223. .... ....
23774 4.611 0.1526 47. 219. .... ....
23776 4.615 0.1536 44. 217. .... ....
23778 4.617 0.1541 46. 220. .... ....
23779 4.618 0.1544 46. 224. .... ....
23780 4.620 0.1549 44. 219. .... ....
23781 4.622 0.1554 46. 211. .... ....
23782 4.623 0.1556 47. 210. .... ....
23783 4.625 0.1561 50. 210. .... ....
23785 4.627 0.1566 49. 211. .... ....
23786 4.629 0.1571 50. 209. .... ....
23788 4.631 0.1576 49. 209. .... ....
23789 4.633 0.1581 49. 206. .... ....
23790 4.634 0.1584 48. 211. .... ....
23791 4.636 0.1589 47. 215. .... ....
23793 4.638 0.1594 51. 209. .... ....
23794 4.640 0.1599 48. 219. .... ....
23795 4.641 0.1601 54. 219. .... ....
23796 4.643 0.1606 51. 200. .... ....
23797 4.644 0.1609 46. 223. .... ....
23798 4.646 0.1614 53. 213. .... ....
23800 4.648 0.1619 54. 219. .... ....
23801 4.650 0.1624 54. 215. .... ....
23802 4.651 0.1626 57. 216. .... ....
23803 4.653 0.1631 57. 223. .... ....
23804 4.655 0.1636 56. 208. .... ....
23805 4.656 0.1639 56. 214. .... ....
23808 4.659 0.1646 57. 215. .... ....
23811 4.663 0.1656 55. 210. .... ....
23812 4.664 0.1658 58. 216. .... ....
23813 4.666 0.1663 59. 217. .... ....
23814 4.668 0.1668 62. 212. .... ....
23815 4.669 0.1671 60. 217. .... ....
23816 4.671 0.1676 62. 202. .... ....
23818 4.673 0.1681 61. 201. .... ....
23819 4.675 0.1686 56. 202. .... ....
23820 4.677 0.1691 56. 193. .... ....
23821 4.679 0.1696 60. 222. .... ....
23822 4.680 0.1698 62. 216. .... ....
23823 4.682 0.1703 61. 212. .... ....
23825 4.685 0.1711 62. 214. .... ....
23826 4.687 0.1716 67. 226. .... ....
23827 4.689 0.1721 64. 215. .... ....
23828 4.691 0.1726 69. 249. .... ....
Table A.6. SOFIN measurements
ID JD Phase RV1 EW1 RV2 EW2
−2451650 kms−1 mÅ kms−1 mÅ
23830 4.695 0.1736 68. 210. .... ....
23831 4.698 0.1743 60. 231. .... ....
23833 4.702 0.1753 53. 212. .... ....
23834 4.705 0.1761 59. 227. .... ....
23836 4.710 0.1773 68. 206. .... ....
23838 4.714 0.1783 58. 210. .... ....
23840 4.719 0.1795 56. 340. .... ....
23900 5.356 0.3382 116. 204. -198. 13.
23902 5.361 0.3395 117. 225. -186. 13.
23904 5.365 0.3405 113. 226. -179. 12.
23906 5.369 0.3415 114. 213. -182. 10.
23908 5.373 0.3425 114. 218. -185. 15.
23916 5.388 0.3462 116. 218. -183. 14.
23918 5.390 0.3467 117. 222. -181. 14.
23920 5.392 0.3472 116. 212. -179. 11.
23922 5.394 0.3477 114. 225. -176. 18.
23924 5.396 0.3482 114. 228. -176. 21.
23925 5.398 0.3487 117. 221. -180. 12.
23926 5.399 0.3489 117. 214. -182. 12.
23927 5.401 0.3494 119. 215. -179. 14.
23931 5.404 0.3502 117. 223. -188. 14.
23932 5.406 0.3507 116. 219. -181. 14.
23933 5.407 0.3509 117. 234. -189. 17.
23934 5.408 0.3512 116. 223. -184. 15.
23935 5.410 0.3517 116. 225. -180. 17.
23936 5.411 0.3519 116. 220. -183. 15.
23938 5.413 0.3524 116. 225. -178. 15.
23939 5.414 0.3527 116. 221. -178. 15.
23940 5.416 0.3532 116. 209. -179. 8.
23941 5.417 0.3534 116. 222. -178. 17.
23942 5.419 0.3539 118. 213. -176. 12.
23943 5.420 0.3542 117. 213. -174. 12.
23945 5.422 0.3547 114. 206. -179. 14.
23946 5.423 0.3549 114. 214. -180. 15.
23947 5.425 0.3554 115. 217. -178. 13.
23948 5.426 0.3557 115. 205. -176. 12.
23950 5.429 0.3564 116. 206. -175. 11.
23951 5.430 0.3566 111. 198. -177. 15.
23953 5.432 0.3571 118. 221. -177. 16.
23954 5.434 0.3576 113. 206. -176. 13.
23955 5.435 0.3579 115. 215. -177. 10.
23956 5.437 0.3584 114. 210. -181. 11.
23957 5.438 0.3586 117. 216. -177. 17.
23958 5.440 0.3591 114. 220. -177. 15.
23960 5.442 0.3596 117. 228. -174. 16.
23961 5.443 0.3599 115. 214. -174. 16.
23962 5.444 0.3601 115. 215. -178. 14.
23963 5.446 0.3606 114. 215. -172. 11.
23964 5.447 0.3609 112. 210. -174. 14.
23965 5.449 0.3614 113. 219. -176. 15.
23967 5.451 0.3619 113. 215. -176. 14.
23968 5.452 0.3621 112. 215. -180. 18.
23970 5.454 0.3626 114. 219. -173. 15.
23971 5.456 0.3631 113. 224. -178. 15.
23972 5.457 0.3634 115. 224. -178. 14.
23974 5.459 0.3639 111. 224. -177. 21.
23975 5.461 0.3644 110. 212. -177. 18.
23976 5.462 0.3646 113. 228. -171. 17.
23977 5.464 0.3651 111. 230. -174. 17.
23978 5.465 0.3654 112. 225. -172. 18.
23979 5.467 0.3659 112. 238. -175. 20.
23980 5.468 0.3661 112. 243. -173. 20.
23983 5.471 0.3669 112. 239. -171. 17.
23984 5.472 0.3671 111. 232. -172. 17.
23986 5.475 0.3679 112. 233. -172. 24.
23987 5.477 0.3684 110. 238. -174. 22.
23988 5.478 0.3686 108. 219. -172. 18.
23989 5.480 0.3691 112. 225. -172. 18.
23992 5.483 0.3699 110. 199. -172. 16.
23993 5.484 0.3701 110. 197. -173. 13.
23994 5.486 0.3706 111. 201. -172. 13.
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Table A.7. SOFIN measurements
ID JD Phase RV1 EW1 RV2 EW2
−2451650 kms−1 mÅ kms−1 mÅ
23995 5.488 0.3711 109. 202. -175. 18.
23996 5.489 0.3713 109. 207. -175. 18.
23997 5.491 0.3718 109. 206. -170. 17.
23998 5.492 0.3721 110. 211. -172. 16.
24000 5.494 0.3726 110. 208. -170. 17.
24001 5.495 0.3728 110. 206. -173. 17.
24002 5.497 0.3733 109. 205. -173. 16.
24003 5.498 0.3736 108. 206. -172. 17.
24004 5.500 0.3741 109. 211. -167. 14.
24005 5.501 0.3743 109. 204. -171. 16.
24006 5.502 0.3746 109. 208. -166. 15.
24008 5.504 0.3751 109. 202. -168. 14.
24009 5.505 0.3753 108. 204. -172. 19.
24010 5.507 0.3758 107. 209. -172. 20.
24011 5.508 0.3761 106. 204. -170. 16.
24012 5.509 0.3763 107. 210. -168. 21.
24013 5.510 0.3766 108. 201. -169. 18.
24014 5.512 0.3771 107. 203. -171. 19.
24017 5.514 0.3776 104. 215. -171. 23.
24018 5.515 0.3778 108. 217. -171. 21.
24019 5.517 0.3783 106. 207. -171. 18.
24020 5.518 0.3786 108. 214. -166. 18.
24021 5.519 0.3788 108. 216. -169. 19.
24022 5.520 0.3791 107. 215. -169. 18.
24023 5.522 0.3796 106. 216. -173. 20.
24025 5.524 0.3801 107. 213. -168. 18.
24026 5.525 0.3803 106. 211. -166. 17.
24027 5.526 0.3806 107. 196. -171. 14.
24028 5.527 0.3808 107. 210. -168. 17.
24029 5.529 0.3813 108. 211. -168. 17.
24030 5.530 0.3816 107. 203. -169. 13.
24031 5.531 0.3818 106. 202. -171. 18.
24034 5.536 0.3831 103. 222. -166. 21.
24035 5.538 0.3836 102. 218. -168. 21.
24036 5.539 0.3838 103. 215. -168. 19.
24037 5.540 0.3840 103. 222. -170. 24.
24038 5.541 0.3843 103. 212. -168. 22.
24039 5.543 0.3848 103. 221. -167. 23.
24040 5.544 0.3850 104. 212. -166. 18.
24042 5.545 0.3853 103. 207. -167. 19.
24043 5.547 0.3858 102. 222. -170. 25.
24044 5.548 0.3860 104. 217. -165. 22.
24045 5.549 0.3863 102. 203. -168. 19.
24046 5.550 0.3865 101. 210. -168. 21.
24047 5.552 0.3870 103. 213. -165. 18.
24048 5.553 0.3873 102. 206. -166. 18.
24050 5.555 0.3878 102. 201. -170. 18.
24051 5.556 0.3880 103. 209. -167. 19.
24052 5.557 0.3883 104. 215. -165. 20.
24053 5.558 0.3885 103. 200. -166. 15.
24054 5.559 0.3888 102. 205. -166. 18.
24055 5.560 0.3890 100. 209. -164. 21.
24056 5.562 0.3895 102. 202. -167. 17.
24059 5.564 0.3900 102. 201. -167. 16.
24060 5.565 0.3903 103. 197. -168. 14.
24061 5.566 0.3905 102. 202. -166. 17.
24062 5.567 0.3908 99. 192. -167. 18.
24063 5.569 0.3913 102. 197. -164. 17.
24064 5.570 0.3915 100. 195. -165. 19.
24065 5.571 0.3918 103. 206. -163. 20.
24067 5.573 0.3923 103. 207. -164. 19.
24068 5.574 0.3925 101. 203. -164. 21.
24069 5.575 0.3928 102. 206. -163. 21.
24070 5.576 0.3930 101. 206. -164. 20.
24071 5.577 0.3933 102. 204. -165. 22.
24072 5.578 0.3935 100. 203. -167. 21.
24073 5.579 0.3938 102. 195. -167. 17.
24075 5.581 0.3943 102. 209. -164. 21.
24076 5.582 0.3945 102. 206. -168. 22.
24077 5.584 0.3950 102. 207. -167. 24.
24078 5.585 0.3953 101. 201. -162. 18.
Table A.8. SOFIN measurements
ID JD Phase RV1 EW1 RV2 EW2
−2451650 kms−1 mÅ kms−1 mÅ
24079 5.586 0.3955 102. 210. -165. 20.
24080 5.587 0.3958 102. 203. -163. 17.
24081 5.588 0.3960 102. 213. -159. 21.
24084 5.590 0.3965 102. 207. -162. 15.
24085 5.591 0.3968 103. 211. -167. 19.
24086 5.592 0.3970 102. 206. -163. 17.
24087 5.593 0.3973 102. 210. -163. 15.
24088 5.595 0.3977 102. 203. -163. 17.
24089 5.596 0.3980 103. 208. -168. 16.
24090 5.597 0.3982 102. 204. -164. 18.
24092 5.598 0.3985 101. 210. -160. 19.
24093 5.599 0.3987 103. 214. -161. 19.
24094 5.601 0.3992 104. 208. -158. 16.
24095 5.602 0.3995 103. 207. -163. 16.
24096 5.603 0.3997 103. 214. -159. 18.
24097 5.604 0.4000 106. 203. -157. 11.
24098 5.605 0.4002 105. 212. -162. 15.
24100 5.607 0.4007 105. 210. -160. 18.
24101 5.608 0.4010 106. 212. -164. 17.
24102 5.609 0.4012 105. 220. -162. 18.
24103 5.610 0.4015 104. 212. -164. 17.
24104 5.611 0.4017 106. 206. -162. 12.
24105 5.612 0.4020 106. 211. -157. 15.
24106 5.613 0.4022 104. 209. -162. 16.
24109 5.615 0.4027 106. 216. -161. 13.
24110 5.616 0.4030 106. 218. -169. 16.
24111 5.618 0.4035 106. 226. -163. 14.
24112 5.619 0.4037 107. 215. -168. 14.
24113 5.620 0.4040 107. 215. -168. 11.
24114 5.621 0.4042 106. 223. -167. 18.
24115 5.622 0.4045 107. 220. -164. 12.
24117 5.624 0.4050 107. 230. -160. 17.
24118 5.625 0.4052 108. 229. -155. 13.
24119 5.626 0.4055 107. 227. -160. 16.
24120 5.627 0.4057 101. 213. -156. 17.
24123 5.635 0.4077 98. 246. -157. 25.
24124 5.637 0.4082 99. 234. -155. 23.
24125 5.638 0.4085 103. 234. -157. 16.
24126 5.640 0.4090 96. 222. -159. 22.
24127 5.643 0.4097 100. 213. -154. 16.
24129 5.646 0.4105 100. 233. -160. 26.
24130 5.648 0.4110 97. 221. -156. 21.
24131 5.650 0.4114 96. 207. -157. 17.
24132 5.653 0.4122 97. 223. -157. 24.
24133 5.655 0.4127 97. 221. -160. 23.
24136 5.659 0.4137 96. 233. -154. 33.
24137 5.662 0.4144 93. 215. -156. 27.
24138 5.665 0.4152 93. 206. -152. 18.
24139 5.668 0.4159 98. 218. -154. 22.
24140 5.670 0.4164 95. 232. -158. 30.
24237 6.374 0.5918 8. 239. -0. ....
24239 6.377 0.5925 8. 242. 2. ....
24242 6.380 0.5933 7. 238. 2. ....
24244 6.383 0.5940 6. 238. -6. ....
24246 6.385 0.5945 6. 244. -1. ....
24248 6.388 0.5953 6. 239. 1. ....
24250 6.390 0.5958 5. 243. 4. ....
24253 6.393 0.5965 6. 245. 1. ....
24254 6.394 0.5968 5. 246. -6. ....
24255 6.396 0.5973 3. 262. 1. ....
24257 6.398 0.5978 3. 248. 4. ....
24258 6.399 0.5980 5. 244. 0. ....
24259 6.401 0.5985 5. 247. -7. ....
24261 6.403 0.5990 5. 245. -4. ....
24262 6.404 0.5993 2. 243. -6. ....
24263 6.406 0.5998 4. 246. 3. ....
24265 6.408 0.6003 3. 240. -0. ....
24266 6.409 0.6005 2. 244. -8. ....
24267 6.411 0.6010 4. 241. -3. ....
24269 6.413 0.6015 4. 240. -5. ....
24270 6.415 0.6020 3. 238. -2. ....
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Table A.9. SOFIN measurements
ID JD Phase RV1 EW1 RV2 EW2
−2451650 kms−1 mÅ kms−1 mÅ
24271 6.416 0.6023 3. 241. 2. ....
24274 6.419 0.6030 0. 232. -5. ....
24275 6.420 0.6032 3. 246. -5. ....
24276 6.421 0.6035 3. 243. 1. ....
24277 6.422 0.6037 1. 240. -1. ....
24278 6.423 0.6040 -1. 234. .... ....
24280 6.425 0.6045 -2. 238. .... ....
24281 6.426 0.6047 1. 244. .... ....
24282 6.427 0.6050 -0. 241. .... ....
24283 6.429 0.6055 -1. 230. .... ....
24284 6.430 0.6057 -3. 237. .... ....
24287 6.432 0.6062 -3. 234. .... ....
24288 6.433 0.6065 -2. 243. .... ....
24289 6.434 0.6067 -3. 234. .... ....
24290 6.436 0.6072 -2. 240. .... ....
24291 6.437 0.6075 -4. 239. .... ....
24292 6.438 0.6077 -3. 231. .... ....
24293 6.439 0.6080 -5. 234. .... ....
24294 6.440 0.6082 -3. 235. .... ....
24297 6.442 0.6087 -6. 236. .... ....
24298 6.444 0.6092 -3. 241. .... ....
24299 6.445 0.6095 -4. 246. .... ....
24300 6.446 0.6097 -5. 243. .... ....
24301 6.447 0.6100 -6. 243. .... ....
24302 6.448 0.6102 -5. 236. .... ....
24303 6.449 0.6105 -4. 241. .... ....
24304 6.450 0.6107 -2. 248. .... ....
24306 6.452 0.6112 -0. 234. .... ....
24307 6.453 0.6115 -6. 243. .... ....
24308 6.454 0.6117 0. 238. .... ....
24309 6.455 0.6120 -1. 237. .... ....
24310 6.456 0.6122 -2. 227. .... ....
24311 6.457 0.6125 -3. 230. .... ....
24312 6.458 0.6127 -4. 230. .... ....
24313 6.459 0.6130 -5. 234. .... ....
24315 6.461 0.6135 -5. 231. .... ....
24316 6.462 0.6137 -4. 221. .... ....
24317 6.463 0.6140 -6. 240. .... ....
24318 6.464 0.6142 -5. 228. .... ....
24319 6.465 0.6145 -2. 229. .... ....
24320 6.466 0.6147 -5. 238. .... ....
24321 6.467 0.6150 -4. 238. .... ....
24322 6.468 0.6152 -3. 238. .... ....
24325 6.471 0.6160 -6. 227. .... ....
24326 6.472 0.6162 -5. 244. .... ....
24327 6.473 0.6165 -5. 229. .... ....
24328 6.474 0.6167 -5. 234. .... ....
24329 6.475 0.6169 -6. 244. .... ....
24330 6.476 0.6172 -8. 226. .... ....
24331 6.477 0.6174 -10. 223. .... ....
24332 6.478 0.6177 -8. 229. .... ....
24336 6.482 0.6187 -9. 242. .... ....
24337 6.483 0.6189 -10. 244. .... ....
24338 6.485 0.6194 -9. 238. .... ....
24339 6.486 0.6197 -11. 235. .... ....
24340 6.487 0.6199 -10. 234. .... ....
24341 6.489 0.6204 -12. 242. .... ....
24342 6.490 0.6207 -11. 244. .... ....
24343 6.492 0.6212 -13. 241. .... ....
24345 6.494 0.6217 -13. 234. .... ....
24346 6.495 0.6219 -16. 238. .... ....
24347 6.496 0.6222 -13. 237. .... ....
24348 6.498 0.6227 -16. 237. .... ....
24350 6.504 0.6242 -13. 238. .... ....
24351 6.506 0.6247 -16. 232. .... ....
24352 6.507 0.6249 -15. 232. .... ....
24354 6.509 0.6254 -14. 227. .... ....
24355 6.510 0.6257 -16. 231. .... ....
24356 6.511 0.6259 -16. 234. .... ....
24357 6.512 0.6262 -15. 231. .... ....
24358 6.513 0.6264 -17. 228. .... ....
Table A.10. SOFIN measurements
ID JD Phase RV1 EW1 RV2 EW2
−2451650 kms−1 mÅ kms−1 mÅ
24359 6.514 0.6267 -16. 238. .... ....
24360 6.516 0.6272 -15. 238. .... ....
24361 6.517 0.6274 -19. 240. .... ....
24364 6.519 0.6279 -17. 253. .... ....
24365 6.520 0.6282 -18. 237. .... ....
24366 6.521 0.6284 -20. 242. .... ....
24367 6.523 0.6289 -16. 242. .... ....
24368 6.524 0.6292 -17. 243. .... ....
24369 6.525 0.6294 -17. 239. .... ....
24370 6.526 0.6297 -20. 246. .... ....
24371 6.527 0.6299 -18. 248. .... ....
24373 6.529 0.6304 -20. 241. .... ....
24374 6.530 0.6306 -20. 241. .... ....
24375 6.532 0.6311 -21. 243. .... ....
24376 6.533 0.6314 -19. 248. .... ....
24377 6.535 0.6319 -21. 236. .... ....
24378 6.536 0.6321 -20. 244. .... ....
24379 6.538 0.6326 -20. 240. .... ....
24380 6.539 0.6329 -21. 244. .... ....
24382 6.541 0.6334 -20. 229. .... ....
24383 6.543 0.6339 -22. 224. .... ....
24384 6.545 0.6344 -22. 231. .... ....
24385 6.547 0.6349 -24. 236. .... ....
24386 6.548 0.6351 -24. 232. .... ....
24387 6.550 0.6356 -22. 229. .... ....
24388 6.552 0.6361 -26. 235. .... ....
24392 6.560 0.6381 -26. 230. .... ....
24393 6.562 0.6386 -26. 234. .... ....
24394 6.564 0.6391 -26. 234. .... ....
24395 6.566 0.6396 -29. 228. .... ....
24396 6.567 0.6399 -28. 237. .... ....
24397 6.569 0.6404 -28. 244. .... ....
24398 6.570 0.6406 -27. 242. .... ....
24399 6.572 0.6411 -29. 252. .... ....
24401 6.574 0.6416 -25. 249. .... ....
24402 6.575 0.6419 -27. 246. .... ....
24403 6.577 0.6424 -27. 255. .... ....
24404 6.578 0.6426 -25. 251. .... ....
24405 6.580 0.6431 -26. 244. .... ....
24406 6.581 0.6434 -23. 251. .... ....
24407 6.583 0.6439 -25. 241. .... ....
24408 6.584 0.6441 -26. 255. .... ....
24410 6.587 0.6448 -25. 242. .... ....
24411 6.588 0.6451 -26. 242. .... ....
24412 6.590 0.6456 -25. 255. .... ....
24413 6.591 0.6458 -24. 257. .... ....
24414 6.593 0.6463 -26. 248. .... ....
24415 6.595 0.6468 -27. 260. .... ....
24416 6.597 0.6473 -24. 256. .... ....
24417 6.598 0.6476 -26. 251. .... ....
24420 6.602 0.6486 -22. 253. .... ....
24421 6.604 0.6491 -24. 246. .... ....
24422 6.606 0.6496 -26. 239. .... ....
24423 6.607 0.6498 -26. 247. .... ....
24424 6.609 0.6503 -25. 251. .... ....
24425 6.611 0.6508 -25. 247. .... ....
24426 6.613 0.6513 -27. 248. .... ....
24427 6.615 0.6518 -27. 252. .... ....
24429 6.618 0.6526 -27. 254. .... ....
24430 6.620 0.6531 -25. 258. .... ....
24431 6.622 0.6536 -27. 247. .... ....
24432 6.624 0.6541 -30. 244. .... ....
24433 6.626 0.6546 -26. 227. .... ....
24434 6.628 0.6551 -26. 232. .... ....
24435 6.631 0.6558 -26. 239. .... ....
24436 6.633 0.6563 -29. 230. .... ....
24438 6.636 0.6571 -29. 229. .... ....
24439 6.638 0.6576 -30. 237. .... ....
24440 6.641 0.6583 -28. 229. .... ....
24441 6.643 0.6588 -30. 239. .... ....
24443 6.646 0.6595 -33. 230. .... ....
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Table A.11. SOFIN measurements
ID JD Phase RV1 EW1 RV2 EW2
−2451650 kms−1 mÅ kms−1 mÅ
24444 6.648 0.6600 -32. 231. .... ....
24445 6.651 0.6608 -31. 239. .... ....
24448 6.655 0.6618 -32. 233. .... ....
24449 6.657 0.6623 -31. 244. .... ....
24450 6.660 0.6630 -36. 242. .... ....
24451 6.663 0.6638 -36. 244. .... ....
24453 6.666 0.6645 -34. 250. .... ....
24454 6.668 0.6650 -34. 227. .... ....
24455 6.671 0.6658 -34. 236. .... ....
24458 6.676 0.6670 -38. 247. .... ....
24459 6.679 0.6678 -35. 234. .... ....
24461 6.683 0.6688 -35. 237. .... ....
24462 6.686 0.6695 -35. 240. .... ....
24464 6.690 0.6705 -36. 242. .... ....
24466 6.694 0.6715 -41. 248. .... ....
24468 6.698 0.6725 -39. 256. .... ....
24470 6.703 0.6737 -37. 257. .... ....

